Abstract
Introduction

43
Small pelagic fishes are an important component of marine ecosystems due to their role in energy transfer 44 from lower to higher trophic levels (Cury 2000; ). Globally distributed, they support 45 important fisheries around the world (Alder et al. 2008) . Early maturation, a short life span, and rapid 46 and drastic responses to changes in the ocean climate (Checkley et al. 2009 ) characterize their biology.
47
Large fluctuations in the population abundance of these species in different parts of the world have been 48 associated with shifts in biological and physical processes that particularly affect the recruitment phase 
54
The effects of climatic components on the variability of small pelagic resources have been studied across 55 various marine ecosystems (e.g. Checkley et al. 2009 ). Despite the differences encountered across the 56 ecosystems, such as the importance of an environmental factor in one area but not in another area (e.g. 
75
In the Catalan sea, sardine reproductive success is enhanced by productivity mechanisms during the 76 spawning season, which occurs from the autumn to spring, with a peak in the winter (January and 
85
In addition to the wind mixing index, significant positive relationships were found with the Western good proxy for regional atmospheric conditions in this area. Finally, although less significant, negative 88 correlations were found in relation to sea surface temperature (Martín et al. 2012 ).
89
These significant relationships (Lloret et al. 2004; Martín et al. 2012 ) demonstrated that environme nta l 90 changes influenced sardine population variability by presumably acting principally on the early life 91 stages. However, the results of these analyses were strongly based on correlative or linear models; there 92 is evidence that the relationships between the fisheries' catches (or landings) and the informa tio n 93 available on environmental and climate factors can be better modelled using non-linear relations hips 94 (Borges et al. 2003) . Generalized additive models (GAMs) are a modelling framework well suited to 95 describing this kind of relationship by means of non-linear specification of the dependence of the 96 response variable (Wood 2006) ; hence, the data allow for the determination of the nature of the 97 relationship rather than the assumption of some form of parametric relationship (Guisan et al. 2002) .
98
Furthermore, in cases in which residual autocorrelation is significant (i.e. violation of independence), as 99 5 in the analysis of time series, generalized additive mixed models (GAMMs) can be used to explicitly 100 model autocorrelation (Wood 2006 
MATERIALS AND METHODS
110
General characteristics of the Study Area
111
The fishing area is situated off the Ebro delta (NW Mediterranean Sea) between 40°56' N and 41°16' N 112 latitude and 0°80' E and 1°72' E longitude (Figure 1 (a) ). This area, which is part of the so-called Ebro 
118
The study area receives an important amount of continental fresh water from the Ebro river. On average, 119 its annual water discharge rate ranges from 300 and 600 m 3 s -1 with maximum discharge in the spring 120 and autumn (Salat 1996) . The seasonal evolution of the stratification is clear in the area. The water 121 column, in fact, is almost homogenous in the winter (13-14° C at all depths) while it is characterized by 122 a defined thermocline between the early spring and late autumn (Salat 1996) . Consequently, the river 123 outflow plays an important role, especially immediately before the stratified season, by providing 124 nutrients and enhancing surface productivity during this season (Salat 1996; ).
6
The sea surface is dominated by winds coming from the north-northwest, which are strong and more 126 frequent in the winter (60-100 km/h). These winds are associated with vertical mixing along the coast,
127
contributing to the formation of the surface mixed layer during the stratified season (Salat 1996) . 
Data
135
The monthly data of landings (kg) and the number of fishing days (a measure of fishing effort) ( Figure   136 1 (b)) for purse seine vessels were obtained for the two harbours of the study area with a small pelagic 
147
As an index of sardine fishery productivity, the monthly average LPUE (Yt) was obtained by dividing 148 the landings per month by the sum of the days when fishing operations were carried out by the fleet 149 (LPUE in kg/day).
150
The environmental monthly time series were derived from satellite datasets, which are commonly used 151 in studies of fisheries data due to their consistent space-time coverage and their ability to highlight the 152 main ocean processes that determine the dynamics of fish populations dwelling near the surface (e.g. Because the objective of the analysis was to relate trends in the environmental variables to the temporal 184 variation observed in sardine fisheries productivity, to avoid any influence of the monthly cycle ( Figure   185 2), the LPUE series was seasonally adjusted ( ) as follows:
where the calculation of the monthly averages ( ) using the data from all years was used to correct the 188 time series by subtracting these values from each cycle subseries (months) (Figure 3 ). This simple 189 seasonal adjustment was chosen because we were not interested in imputing missing LPUE data, which 190 is a requirement for many decomposition methods since they do not allow 'internal' missing values.
191
The decomposition and extraction of temporal trends in the data series were performed according to 'the 192 seasonal and trend decomposition procedure based on loess' (STL) (first designed by Cleveland et al. The likelihood ratio test (ML) was used to obtain the optimal fixed model formulation, and the final 253 combination of variables was refitted using REML (Zuur et al. 2009 ).
254
All analyses were performed with R v. 3.1.2, and the mgcv library was used to implement the generalized 255 additive and mixed models (Wood 2006 ).
256
Results
258
Sardine LPUE exhibited the lowest values in the winter, while the highest LPUE occurred between the where the values reached those observed in 2000; overall, the values at the end of the study period were 277 notably higher than those at the beginning of the period (ca. 37.7 vs ca. 38.2) (Figure 4 (a) ). for WeMOI values lower than ca. -0.8 (Figure 6 (a) ). The non-linear relationship with salinity is shown 299 in Figure 6 (b). Negative significant effects were found for values lower than ca. 37.5, followed by 300 values not affecting abundance until ca. 38. After this value, significant positive effects were 301 recognized and were characterized by a local peak at ca. 38.1, which was followed by a negative non-302 significant effect (Figure 6 (b) ). The meridional current negatively affected LPUE when flowing where it stabilized at a lower value for the rest of the investigation period. 
337
A part of the landings variation, which are only an approximation of fish abundance, could be 338 explained by a change in fishing effort (Figure 1 (b) ), but sudden changes, such as the LPUE shift 339 observed, emphasize the fact that the fluctuations can also be due to variation in the availability of the 340 species to the fishing gear due to environmental conditions, thus leading to low productivity (Cushing estimates, sardine seems to maintain high biomass regardless of the preceding fishing pressure, and 345 consequently, it seems unlikely that the recent LPUE changes were caused by overexploitation alone. The aim of this study was to test the environmental drivers that best explained the variation of sardine 351 LPUE, and to do so we used GAM and GAMM, which are useful tools to describe relationships 
354
In our study, in the final GAMM obtained, the drivers that better explain the LPUE dynamic are two, an augment of the river's discharge rate volume due to an increase in rainfall in the head of the 361 Ebro drainage basin in north Spain ( Martín et al. 2012 ).
362
When north westerly winds and river discharge are simultaneously propitious, wind pushes the 363 continental and more productive waters across the shelf and causes these waters to be mixed and 364 trapped in the mesoscale eddy structure, which takes form offshore of the Ebro mouth (Font 1990 ; and primary and secondary production, the latter being enhanced by wind and continental water inputs, 377 are described.
378
The negative values of the WeMOI, which are characterized by an onshore wind flowing from the Overall, with respect to previous studies in the area, our results constitute a step forward by applying a 397 more complex methodology where variation due to the seasonality, non-linear relationships, 398 autocorrelation in the data and collinearity of the environmental covariates were considered and thus 399 provided further evidence of the dependency of sardine LPUEs upon specific hydrographic variables.
400
The study stresses the importance of the additive and non-linear effects on sardine landings production 
